Introduction
Natural rock is in a certain stress state, the natural causes or human engineering activities will break the balance of the original rock stress field, resulting in the damage and rupture of the internal structure of rock mass, degrading the mechanical properties and improving the permeability characteristics of rock mass. Therefore, the migration characteristics of water changes. Malpasset dam burst when the first impoundment (in French,1959) , instability sliding occurred in the slope of Three Gorges Reservoir when the reservoir water level raised and fell. Water inrush accidents occurred in the process of mining, all of which are closely related to the groundwater seepage characteristics. The damage and fracture of internal structure in rock mass caused by engineering disturbances and the change of rock mass's seepage characteristic is one of the main causes that lead to instability of engineering and geological disasters. Therefore, it is very important to research the relationship between seepage and stress in the damaged rock mass.
In practical engineering practices, such as tunnels, underground powerhouses, dams and mining, and so on, often encounter excavation of rock mass and soil. Rock mass's excavation and unloading cause rock stress state changing, making rock mass's quality deteriorating ,and leading to the generation and expansion of fissure in rock mass. Crack generated provide convenience to water infiltration. At the same time, the water infiltration, which in turn affects the stress field of rock mass, changing the internal structure of rock mass. Under the combined action of rock mass unloading, water seepage and rock mass stress, the instability of engineering and geological hazards occurred.
Due to the need of engineering construction, the excavation and unloading of rock mass is inevitable; due to the limitation of natural conditions, water seepage in the excavation of rock mass also is inextricably. Therefore, there is an urgent need to carry out the researches on the unloading -seepage coupled effect of damaged rock mass, in order to provide theoretical basis for the safe operation of engineering structure and prevention of the geological disasters.
Analysis of the Current Researches on the Stress-Seepage Coupled Effect of Rock Mass
Prior to 1960s, the study on seepage effect in rock mass was less. In 1959, French Malpasset dam burst during the first reservoir impounding, Italian Vaiont reservoir landslide in 1963, then the majority of scholars began to pay attention to the hydraulic properties of the rock mass, and began in-depth study of rock mass's hydraulics properties.
Studies on the seepage-stress coupled effect of rock mass, mainly divided into two categories, one is experimental method, through the fitting of the experimental data, and directly obtained the relationship between the permeability coefficient and stress. Another kind is based on various mechanical theory and coupling theory, through theoretical derivation, acquired the basic model of stress and seepage coupling, and then use the model to simulate the experimental data and demonstrate the model's rationality. The main research results of seepage -stress coupling model are as follows:
The formula [1] for Snow (1966) is:
( 1) where e K is the fracture permeability coefficient when the effective normal stress is ne σ ; 0 K is the initial permeability coefficient when the initial stress is 0 n σ ; ν is the coefficient of kinematic viscosity of water; e is gap width; l is fracture spacing; n k is the normal stiffness of fracture; A is the empirical coefficient.
According to a dam pumping test [2, 3] , Louis (1974) gave the empirical formula between permeability coefficient and stress:
( 2) where 0 k is the initial permeability coefficient, σ is normal stress, is the parameter. Jones (1975) put forward the experience formula of permeability coefficient of calcium carbonate rock fracture:
Where nh σ is the effective normal stress when e k is zero. Manfredini (1978) gave the relationship [4] between permeability coefficient of isotropic medium and anisotropic medium and average stress of rock mass. After that, Noorishad (1983) put forward the coupling problem [5] of seepage and stress. In 1986, the relationship between the seepage and deformation of rock mass was represented uniformly by the fracture geometry of Oda, and the relationship between the stress and strain of the equivalent medium model was discussed [6] . Iwai (1984) derived the relationship between the crack permeability coefficient and the stress:
where A , ξ and t are the empirical parameters obtained from experiments.
The relationship between the permeability coefficient and the stress derived from Barton (1985) [7] :
The relationship between stress and seepage is established by Erichsen (1987) . Sun Guangzhong, Liu Jishan, and so on, derived the relationship between the permeability coefficient and the stress [8] :
Chai Junrui and Wu Yanqing (1997) put forward the mathematical model of continuous medium which is the coupling analysis of stress field and seepage field [9] . Wu Yanqing and Chai Junrui (2000) proposed a mathematical model of analysis of 3-D model of coupled seepage and stress fields in fracture network of rock mass [10] . In 1997, based on summing up the results of previous studies, Wu Yanqing put forward viewpoints of rock mass hydraulics, proposed the lumped parameter model of the coupling seepage field and stress field, continuous medium model, the equivalent continuous medium model, the fracture network model and double medium model [11, 12] .
Zheng Shaohe(1999) revealed the relationship between the fracture permeability coefficient and equivalent normal stress under the three-dimensional stress through the natural fracture seepage experiment [13] . LI Xinping (2006) refitted the test results of Zheng Shaohe and modified the equivalent normal stress formula of the fitted formulas [14] .
Chai Junrui (2001) proposed equivalent continuous seepage field and stress field coupled model based on the mathematical model of seepage field under the influence of the equivalent continuous rock stress field and the stress field mathematical model under the influence of seepage field [15] . Zhang Dianji built (2003) the single fractured rock mass's permeability coefficient expression considering the dimensional stress and pore water pressure [16] . Liang Bing (2004) deduced stress field and seepage field coupled equations according to the fluid-solid interaction theory, stress field equation and seepage field equation [17] . Guo Yulong (2005) deduced the relation between the permeability coefficient and stress according to the relationship between the normal deformation of the single fracture surface and stress, and the cubic law [18] . Li established the coupled model of stress and seepage in soft rock, which is based on anisotropic elastic plasticity theory, water balance principle and the nonlinear coupled relation of permeability coefficient [19] . Zhang Jincai and Wang Jianxue (2006) derived the relation between stress and permeability coefficient by using pore elastic mechanics theory [20] . Wang Yuan (2007) established the seepage and stress dynamic coupled equation of the fractured rock mass [21] . Li Yan (2009) carried out the three axial compression tests and seepage tests on the muddy silty sandstone and mudstone, and established the coupled relationship between permeability tensor and stress in porous media according to the case that the principal axis of the rock mass is not consistent with the seepage principal axis. According to the comparison of theoretical and experimental results, they found the argillaceous siltstone and mudstone are consistent with the seepage model of porous media [22] . Zhang Yong (2010) gave the relationship between the permeability coefficient and stress according to the classical basic equation of seepage coupled theory [23] . In 2011, according to the theory of porous media seepage mechanics and the theory of elastic plastic mechanics, Ji Youjun established the coupled mathematical model of stress and seepage [24] . Lin Peng (2013) established the relationship between the permeability coefficient and stress of the equivalent continuum fractured rock mass and the discrete fractured rock mass, and thus analyzed the deformation stability of the Xiluodu arch dam under the coupled action of seepage and stress [25] .
Unloading-Seepage Coupling Research Status
A large number of experiments show that the mechanical properties of rock mass under loading and unloading conditions are very different. Ha Qiuling first proposed the concept of unloading rock mass mechanics from the practice of the Three Gorges project. Afterwards ,many domestic and foreign scholars studied different kinds of rock mass unloading mechanical characteristic test under different unloading methods and theoretical aspects, and the achievements are very rich, they confirmed the unloading mechanics characteristic of the rock mass and loading mechanics characteristic of rock mass are different.
In the excavation of rock mass project, the formation of unloading effect to the rock mass affected the nature of water in the rock mass. During the operation of the reservoir, the depression of water level also formed unloading effect on the slope, thereby affecting the stability of the slope. Under the action of seepage, the mechanical properties and loading conditions of the rock mass after unloading damage are different, and many engineering problems and geological disasters happen because of unloading rock mass and seepage coupled action. Therefore, it is very important to carry out the research on the coupled effect of unloading -seepage.
At present, the main results of study on the coupled characteristics of unloading-seepage in rock mass are as follows: in 1984, Kelssal analyzed the change and its reasons of the permeability coefficient of the underground cavern after excavating [26] . In 1996, the relationship between unloading and seepage of the rock mass was preliminarily discussed by Chen Hongkai. In 2001, based on the different theories and empirical formulas, Xu Guangxiang deduced the relationship between the permeability coefficient and the stress when unloading. One is established on the relationship between stress and permeability by Louis, one is based on Bandis's fracture deformation curve and Barton's hydraulic fracture width formula, another is built on the relationship between the permeability coefficient and the stress of rock mass [27] . In 2005, Liang Ninghui and Ai Wanmin deduced the relation between unloading amount and permeability coefficient by the unloading-seepage test of the fractured rock mass. The methods are according to the cubic law and the relationship between stress and closure proposed by Goodman which fitted the test data well [28, 29] . In 2016, Wang Wei and Xu Weiya conducted the experimental research on the permeability characteristics of granitic gneiss in different stress path, and qualitatively analyzed the influence of loading and cyclic loading and unloading on permeability of granitic gneiss. The results show that when the osmotic pressure is constant, the permeability of low confining pressure mutates earlier than high confining pressure's. Under the same confining pressure, increasing seepage pressure brings more obvious influence on the permeability increasing section, and with the increase of osmotic pressure, the mutation point of permeability is relatively earlier [30] .
Discussion
Through the analysis on the results of the above research, it is found that the seepage-stress coupled analysis is quite abundant, but the content of the study on the coupling characteristics of the unloading -seepage is needed to be improved.
The results of coupled analysis of unloading-seepage in rock mass can be applied to the stability analysis of foundation excavation, cavern excavation, slope stability and so on. Therefore, it is very important to carry out the coupled study of unloading-seepage in rock mass. It is suggested that by coupled test of unloading-seepage, water absorption test and ultrasonic testing methods, to comprehensively tested the situation of damage and disruption in the rock, and in order to seek the inevitable link between the macroscopic law of the coupled unloading -seepage in rock mass and characteristics of changes in the internal structure, so as to establish the unloading-seepage coupled model of rock mass.
